Glioblastoma multiforme (GBM), the most prevalent primary brain cancer, is characterized by diffuse infiltration of tumor cells into brain tissue, which severely complicates surgical resection and contributes to tumor recurrence. The most rapid mode of tissue infiltration occurs along blood vessels or white matter tracts, which represent topological interfaces thought to serve as "tracks" that speed cell migration. Despite this observation, the field lacks experimental paradigms that capture key features of these tissue interfaces and allow reductionist dissection of mechanisms of this interfacial motility. To address this need, we developed a culture system in which tumor cells are sandwiched between a fibronectin-coated ventral surface representing vascular basement membrane and a dorsal hyaluronic acid (HA) surface representing brain parenchyma. We find that inclusion of the dorsal HA surface induces formation of adhesive complexes and significantly slows cell migration relative to a free fibronectincoated surface. This retardation is amplified by inclusion of integrin binding peptides in the dorsal layer and expression of CD44, suggesting that the dorsal surface slows migration through biochemically specific mechanisms rather than simple steric hindrance. Moreover, both the reduction in migration speed and assembly of dorsal adhesions depend on myosin activation and the stiffness of the ventral layer, implying that mechanochemical feedback directed by the ventral layer can influence adhesive signaling at the dorsal surface.
Introduction
Cell migration and the mechanisms that underlie specific migratory phenotypes are increasingly recognized to depend on extracellular context, especially the structure and mechanics of the extracellular matrix (ECM) [1e3] . On planar two-dimensional substrates, migration is typically described as being driven by a balance between actin polymerization at the cell front and actomyosin contraction at the cell rear that is transmitted to the ECM via adhesions [4] . In three-dimensional ECMs, migration can take various forms including mesenchymal migration (perhaps most analogous to classical two-dimensional migration) to amoeboid migration, which is less adhesion-dependent and leverages intracellular hydrostatic pressure generated by actomyosin contractility to extrude the cell body through matrix pores [5] . Importantly, the molecular mechanisms that control these migration modes are as diverse as the number of migratory phenotypes. In fact, many cells dynamically switch from one mode to another as they encounter and navigate different microenvironments, highlighting the importance of studying cell migration in culture systems that capture defining architectural features of tissue [6e8] .
Cell migration is often guided by heterogeneous structures within the ECM; for example, a diverse variety of invasive solid tumors proceed along pre-existing anatomical structures [9e12] . Metastastatic tumor cells have been clinically observed to preferentially migrate in bone cavities or between adipocytes, suggesting that the topographies of these structures may facilitate tissue dissemination [10] . Migration in this context may be regarded as being "interfacial" in nature, in that cells translocate along a ventral two-dimensional surface while surrounded on their dorsolateral surface by an amorphous ECM of a different composition. Other examples of interfacial migration are tumor cells that migrate between bundles of myelinated axons and connective brain tissue [10, 13] .
A particularly important example of interfacial migration is the invasion of glioblastoma multiforme (GBM), the most common and deadly primary brain tumor. The extreme lethality of this malignancy is attributed in part to its diffuse and unrelenting infiltration of brain tissue, effectively precluding complete surgical resection [14] . GBM invasion patterns are unlike most other aggressive malignancies, in that GBM cells rarely intravasate and metastasize to distant tissues, instead remaining within the brain [14, 15] . The preexisting structures that guide GBM, collectively known as the secondary structures of Scherer, include the subpial space, white matter tracts, and vascular beds [16] . While these structures are widely acknowledged to facilitate invasive migration, relatively little is known about the biophysical and molecular mechanisms through which they do so. For example, cells migrating along vascular beds simultaneously experience strong integrin-based inputs via fibronectin and laminin in the vascular basement membrane [15] while also receiving adhesive inputs from hyaluronic acid (HA) in the brain parenchyma, which can be mediated by HA receptors such as CD44 and RHAMM [17, 18] . There are also substantial biophysical asymmetries within this adhesive microenvironment, as vascular beds tend to be orders of magnitude stiffer than the surrounding parenchyma [19e21] . How these asymmetric signals are integrated to regulate migration in GBM remains unknown.
Despite the acknowledged importance of migration along asymmetric tissue interfaces in many tumors, comparatively little is known about the molecular mechanisms that underlie this process. The fact that migration mechanisms depend strongly on context has created an unmet need for experimental paradigms that recapitulate key aspects of these interfaces. To address this need, we developed a simple experimental system that features asymmetric ECM signals representative of the brain parenchymaevascular interface, and used it to investigate molecular mechanisms of adhesion and motility.
Methods

HA-methacrylate synthesis
Methacrylated HA was synthesized as described previously [22] . Briefly, high molecular weight HA (66 kDa-90 kDa; Lifecore technologies) was dissolved at 1 wt% in deionized water, and then a six-fold molar excess of methacrylic anhydride (Sigma) was added dropwise to the solution on ice. The pH of the reaction was adjusted to a value greater than 8, where it was held for the duration of the experiment. The reaction was allowed to proceed overnight. HA-methacrylate was isolated by the addition of a five-fold volumetric excess of cold acetone to the reaction solution. This mixture was then centrifuged to recover the precipitate, which contained the HA-methacrylate. The precipitate was then dissolved in water, flashfrozen, and lyophilized.
Interfacial culture system formation
Initially, fibronectin-coated polyacrylamide surfaces were prepared as described previously [23] . After sterilization of the hydrogels, U373-MG, U87-MG, or U373-MG-U cells were plated on the gels and allowed to adhere overnight. 25 ml of an HA-methacrylate solution was then poured onto the cell and crosslinked in situ with the bifunctional dithiothreitol (DTT; Sigma) to form covalent cross-links among HA chains [24] . In HA-RGD formulations, cysteine-containing RGD peptide (Ac-GCGYGRDSPG-NH2; Anaspec) was first reacted with HA-methacrylate for 2 h, prior to gelation. All hydrogels consisted of 5 wt% HA-methacryate. The solution was immediately sandwiched with a glass coverslip and allowed to polymerize for 4 h at 37 C, after which fresh medium was added.
Cell culture
U373-MG and U87-MG human glioblastoma cells were obtained from the University of California, Berkeley Tissue Culture facility and cultured as described previously [23] in DMEM (Invitrogen) supplemented with 10% Calf Serum Advantage (JR Scientific, Inc.), 1% penicillin-streptomycin, 1% MEM non-essential amino acids, and 1% sodium pyruvate (Invitrogen). Given the recent recognition that U373-MG likely share an origin with U251-MG cells [25] , we also obtained early-passage U373-MG cells (Sigma), which we termed U373-MG-U, reflecting their derivation from the original University of Uppsala stocks [25] .
Inhibition of cell contractility
Rho-associated kinase (ROCK) inhibitor Y-27632 (10 mM; Calbiochem), NMMII inhibitor blebbistatin (10 mM; Sigma), or myosin light chain kinase inhibitor (MLCK) ML-7 (1 mM; Calbiochem) was added to cells in interface culture after overnight incubation. Cells were incubated with the drug for at least 12 h prior to imaging.
Measurement of cell motility
Live-cell imaging was performed with a Nikon TE2000E2 microscope equipped with an incubator chamber for control of temperature, humidity, and carbon dioxide. After formation of the interfacial culture system as described above, phasecontrast images of cells were collected for at least 5 h with a 10 Â objective. Nuclei were then tracked from one frame to another to yield instantaneous migration speeds, which were then averaged over the entire time course of the experiment to yield the migration speed of a cell.
Fluorescence microscopy
Mouse anti-vinculin primary antibody (Sigma) and AlexaFluor 546 goat antimouse secondary antibody (Molecular Probes) were used to visualize vinculin. Rat anti-CD44 primary antibody (Hermes-1, Pierce) and AlexaFluor 647 chicken anti-rat secondary antibody (Molecular Probes) were used to visualize CD44. Nuclei were labeled with 4 0 ,6-diamidino-2-phenylindole (DAPI, Invitrogen). To overcome the diffusion limitations imposed by the small pores of the HA overlay, prior to immunostaining but after cell fixation, the HA overlay was digested by treatment with 300 mg/ml hyaluronidase (Sigma) for 1 h. Three-dimensional confocal stacks were acquired on a swept-field upright confocal microscope equipped with a 60 Â waterimmersion lens (Prairie Technologies).
Centrifugation assay
After a specified adhesion time, hydrogels were submerged in fresh serum-free media, and the cell culture plate was sealed with adhesive plate sealers. The plate was then inverted and centrifuged for 5 min at 100 g [26] . Cells remaining on the hydrogels were then fixed and stained with DAPI and manually counted using a 40 Â lens on a Nikon TE2000E2 microscope.
Data analysis and statistics
Statistical significance was tested using ANOVA followed by TukeyeKramer multiple comparison, and represented by bar plots with error bars representing standard error. Significance level was set at 0.05.
Results
Modeling perivascular migration with interfacial hydrogels
As described earlier, vascular structures are an important secondary Structure of Scherer along which GBM cells invade brain tissue. To model this process in culture, we developed an in vitro overlay culture system that recapitulates key features of the matrix environment found at this interface and allows for systematic and independent control of the biophysical and biochemical properties of each matrix (Fig. 1A) . To mimic the fibronectin-rich basolateral membrane of the vasculature, we used polyacrylamide hydrogels tuned to a stiffness of 119 kPa, consistent with measured stiffness values of vascular beds, and covalently modified with fibronectin, which is strongly enriched in vascular basement membranes [27] . To mimic the HA-rich brain ECM, we used a hyaluronic acid hydrogel that can be crosslinked as a matrix "overlay" in the presence of cells over a wide range of stiffnesses and also can be functionalized with peptide adhesive ligands [22, 24, 28] . Combining these hydrogels into an overlay-like configuration provides a customizable platform to recreate the interfaces present at the blood vessel-brain barrier upon which GBM tumors preferentially migrate.
Effects of dorsal adhesion on cell migration
We first investigated the interaction between cells and the HA overlay and its contribution to cell migration speed. In these experiments, we cultured cells on polyacrylamide gels as described above and then sandwiched the cells in an interfacial configuration by pouring an HA solution on the dorsal surface and crosslinking the HA in situ with DTT. We then allowed cells to randomly migrate and automatically tracked them with phase contrast microscopy over a 5 h period. We found that the presence of a HA overlay retarded the migration speed of U373-MG human glioma cells approximately twofold relative to a control configuration lacking an overlay, (Fig. 1BeF ). This finding was reproducible across multiple culture models of GBM, as both U87-MG and U373-MG-U cells showed a similar overlay-induced retardation of migration (Fig. S1 ). Cells engage HA through a variety of adhesive receptors, including CD44, which has been functionally implicated in tumor progression [29, 30] . To determine if cells form CD44-positive adhesions at their dorsal surface when presented with an HA overlay, we performed immunofluorescence staining and confocal sectioning. To minimize artifacts associated with antibody retention within the three-dimensional HA gel, we lightly degraded the HA overlay with hyaluronidase after fixation of the cells but prior to antibody incubation. U373-MG cells in the overlay configuration lacked prominent, vinculin-positive focal adhesions on their ventral surface adjacent to the polyacrylamide surface and displayed diffuse CD44-rich adhesions evenly spread along the dorsal surface, indicating that the presence of the dorsal HA layer may retard the ability of these cells to form strong focal adhesions on the opposite adhesive plane (Fig. 2) .
Role of CD44 in interfacial migration
To determine whether these dorsal HA-CD44 adhesions contribute functionally to cell migration, we depleted CD44 by stably transducing U373-MG cells with a CD44-directed shRNA, which reduced CD44 protein levels to~60% relative to cells transduced with a non-specific shRNA [26] . When cultured on twodimensional polyacrylamide-fibronectin surfaces without an overlay, CD44 knockdown (CD44KD) cells were morphologically indistinguishable from naïve and control shRNA-transduced cells cultured on the same surfaces, spreading extensively and forming broad lamellipodia. Similarly, migration speeds of control and CD44KD cells on unconfined fibronectin-coated substrates were statistically indistinguishable, consistent with the absence of HA on these ventral surfaces. However, when cultured in the overlay configuration, the CD44KD cells migrated at speeds nearly 40% faster than control cells, albeit still more slowly than cells with no overlay (Fig. 3A) .
Given that dorsal HA-CD44 interactions are necessary for maximal retardation of motility, we next investigated the biochemical and biophysical components of this effect. To ask whether HA receptor ligation per se is sufficient to slow migration, independent of the physical context in which that ligation occurs, we cultured U373-MG cells on polyacrylamide-fibronectin gels and treated them with soluble (i.e. non-crosslinked), unmodified high molecular weight HA, which has been previously demonstrated to bind and activate CD44 [24] . Unlike our observation with an HA gel overlay, soluble HA slightly increased the migration speed of U373-MG cells (Fig. 3B) , indicating that HA receptor engagement alone is insufficient to slow migration and that it must be anchored within a solid-state matrix.
Role of dorsal adhesion through other receptoreligand interactions
Given that the brain parenchyma also contains ligands that activate other cell surface receptors, such as the ligation of integrins by an RGD-like domain on tenascin, we next wanted to investigate whether the previously discovered phenomenon was specific to CD44 [31, 32] . To determine whether dorsal adhesion-mediated retardation of migration is HA-CD44 specific or a more general property of dorsal adhesion, we further increased the adhesivity of the dorsal surface by conjugating cysteine-containing RGD peptides to the dorsal HA gel backbone using Michael addition chemistry. Cells sandwiched with an HA-RGD overlay displayed an elongated, spindle-shaped morphology devoid of broad lamellipodia, consistent with a previous report in which cells were sandwiched between two fibronectin-coated polyacrylamide hydrogels (Fig. 4B ) [33] . Moreover, the presence of the dorsal RGD peptides slowed migration of WT and CD44KD cells to similar levels, suggesting that this dorsal adhesion-mediated migration retardation is a general phenomenon of both CD44-and integrin-based ligation (Fig. 4C) .
Effects of myosin II on dorsal adhesion
Myosin-based cell contractility plays a central role in reinforcement of adhesions formed on 2D matrix substrates [34, 35] and, as mentioned earlier, figures centrally in facilitating various forms of 3D motility [6] . We therefore wondered whether myosindependent contractility might also regulate migration in this overlay paradigm. We pharmacologically inhibited myosin activity with blebbistatin in both the overlay and unconfined configurations and measured effects on cell motility. At sufficiently low dose (10 mM), blebbistatin had only a very modest effect on migration on unconfined migration (Fig. S2) , consistent with previous reports [3] . In the overlay configuration, however, myosin II inhibition increased migration speed when a bare HA overlay was employed (Fig. 5A) . When we repeated this study with an HA-RGD overlay, we found that myosin inhibition increased migration speed relative to drug-free controls, but did not restore migration speed to levels observed with a bare HA overlay. This reflects the possibility that at this dosage, blebbistatin may reduce focal adhesion size but not completely abrogate focal adhesion formation or tension generation (Fig. 5B) [36] . We observed similar but more muted effects in the setting of ROCK and MLCK inhibition (Y-27632 and ML-7, respectively), further supporting the dependence of this effect on myosin contractility. These results suggest that myosin II inhibition may strengthen dorsal adhesions, which in turn causes retardation of migration speed. One would therefore predict that ECM conditions that suppress myosin II activation would reduce the restrictive effects of dorsal adhesions. To test this hypothesis, we varied the stiffness of the polyacrylamide layer, which has been shown previously to alter myosin activation and cell contractility, with stiffer gels producing greater myosin activation [37e40]. Based on this hypothesis, we would expect high polyacrylamide stiffness to amplify the anti-motility effects of the HA overlay and produce a greater reduction in migration speed. Indeed, when cultured on stiff polyacrylamide gels and covered with an HA overlay, the migration speed of U373-MG control cells fell by 47% relative to migration on a unconfined hydrogel of the same stiffness (Fig. 6A,B) . However, when a soft polyacrylamide gel was used, we observed only a 34% reduction in migration speed. CD44KD cells showed a similar trend, with migration speed falling 23% on stiff polyacrylamide ECMs and remaining unchanged on soft ECMs (Fig. 6C,D) .
Interactions between CD44, integrins, and myosin II
To more directly test the hypothesis that myosin strengthens adhesion to the dorsal overlay, we used a centrifugation assay that measures the adhesive strength between cells and the ECM [26] . Briefly, a defined number of cells was cultured on top of a bare HA or RGD-HA hydrogel and allowed to adhere overnight. The gels were then centrifuged to dislodge loosely adhered cells, and then the remaining cells were counted as a readout of cell adhesive strength. We found that pharmacological inhibition of myosin, ROCK, and MLCK all significantly reduced adhesion to both bare HA and HA-RGD surfaces (Fig. 7A) , consistent with the idea that contractility strengthens CD44-HA adhesion. These results support the notion that strong dorsal adhesion reduces migration speed, whatever the specific nature of that adhesion. To quantitatively explore this, we plotted migration speed against normalized adhesion strength across all of these conditions, which indeed revealed a broad negative correlation between migration speed and dorsal adhesive strength (Fig. 7B) . 
Discussion
Much previous research has illustrated the importance of studying cell migration in a context that recapitulates critical biochemical and biophysical features of the corresponding tissue microenvironment. In this study, we created a simple, reproducible system that allowed us to systematically modulate the asymmetric biophysical and biochemical properties of the dorsal and ventral surfaces of a model tissue interface. This interface could be tailored to include features of the vascular basement membrane-parenchymal space that often guides GBM migration in vivo. Using this system, we found that dorsal adhesion, whether mediated by CD44-or integrin-based adhesions, slows migration in overlay configurations. This paradigm has therefore yielded important new insights into the molecular mechanisms that influence cell migration through heterogeneous tissue interfaces.
When the dorsal region of the cell is engaged with HA, cells migrate with a morphology reminiscent of that on two-dimensional surfaces, with broad leading-edge lamellipodia that continuously advance. However, when engaged with HA-RGD, cells acquire a spindle-like morphology, as previously observed when cells have been sandwiched a ventral surface and a dorsal surface bearing integrin ligands [33] . Interestingly, we found that dorsal adhesion could slow cell migration through multiple adhesive receptor systems and across a diversity of cell morphologies. Given that both CD44 and RGD have been shown previously to stimulate migration on 2D surfaces (within specific ranges of ligand density), our results suggest that the effect of adhesive ligands on cell migration depends strongly on the geometry in which these ligands are presented [41] , consistent with previous reports that have shown that receptoreligand interactions may be strongly affected by affixation to a solid-state scaffold [33, 42] .
We hypothesize that dorsal adhesion, whether mediated by CD44 or integrins, effectively serves as a drag force that retards efficient cell migration, such that increased dorsal adhesion progressively slows migration. Inhibition of myosin II or its activators ROCK and MLCK strongly reduces the ability of dorsal adhesions to slow motility, supporting a model in which myosin II links adhesive signals generated at the ventral surface to adhesive events at the dorsal surface (Fig. 8) . Our adhesion strength measurements reveal that myosin II increases the strength of not only integrin-RGD adhesions, as has been reported previously [34] , but also the strength of CD44-HA adhesions. In this manner, ventral cues influence dorsal adhesions: integrin ligation and complex formation at the ventral surface would be expected to enhance myosin II activation, which in turn reinforces dorsal adhesions and retards cell migration. Importantly, myosin II has been found to play a major role in multiple modes of both 3D cell migration [6, 43, 44] , and it is possible that the dorsoventral crosstalk observed here may play unappreciated but important roles in those geometries as well. Our results would suggest that such crosstalk could be compatible with a variety of matrix ligand systems. Finally, our results broadly suggest that the route of invasion in GBM may be partially dictated by a competitive balance between the adhesion at the dorsal and ventral surfaces of cells at tissue interfaces, such that strong adhesion to the vascular basement membrane promotes efficient perivascular migration. In intracranial xenograft models of GBM, increased cell attachment to type I and IV collagen is correlated with increased invasion along the perivascular spaces [45] , and suppression of the collagen ligand integrin b1 is sufficient to block diffuse infiltration [46] . Indeed, an a v integrin-inhibitory peptide directed against endothelial cells has extended progression-free survival in phase II clinical trials, and while phase III results with this agent have been considerably less promising [47, 48] , this raises optimism for the success of analogous agents directed against tumor cellematrix interactions. Interfacial culture paradigms such as ours should facilitate mechanistic discovery and molecular screening in the development of these agents.
Conclusion
We have created a simple model system to recapitulate migration of GBM cells along vascular interfaces. By manipulating both adhesive receptors and matrix properties, we discovered that cells migrate most efficiently when adhesion to the dorsal surface is weak, whether that adhesion was mediated by CD44 or integrins. We anticipate that this paradigm could readily be adapted to other 
